INTRODUCTION
Adakitic rocks, characterized by distinctive geochemical signatures of high Sr (≥400 ppm), Sr/Y (≥40), and La/Yb (≥20), but low Y (≤18 ppm) and Yb (≤1.8 ppm), have attracted great attention in recent years (Defant and Drummond, 1990; Martin, 1999; Chung et al., 2003; Martin et al., 2005; Long et al., 2015) . Modern adakites seem exclusively restricted to subduction zones that involve young oceanic slab subduction, initiation subduction, ridge subduction, or flat subduction (Gutscher et al., 2000; Martin et al., 2005; Geng et al., 2009 ). However, the increasingly common recognition of adakitic rocks that are not linked to oceanic slab and/or arc environments has reignited fundamental debates, with various petrogenetic models proposed (Castillo et al., 1999; Xu et al., 2002; Chung et al., 2003; Macpherson et al., 2006; Streck et al., 2007) . Rather than implying a particular tectonic setting, most adakitic rocks appear merely to be products of hydrous (meta-) basalt melting with eclogite or garnet amphibolite restites. Consequently, interest in adakitic rocks has gradually shifted to the potential utilization of their unique pressure and temperature conditions of formation as tectonomagmatic process indicators, which, if applied properly, can be of vital importance in reconstructing past regional tectonic regimes.
Situated between Europe-Siberia and TarimNorth China, the Central Asian orogenic belt (CAOB in Fig. 1A ) underwent a long-lived (Neoproterozoic to late Paleozoic) evolution including multiple accretion events with continents, microcontinents, seamounts, arc systems, and accretionary complexes within the paleo-Asian Ocean (e.g., Jahn et al., 2000; Xiao et al., 2009; Eizenhöfer et al., 2014 Eizenhöfer et al., , 2015 Zhu et al., 2015 Zhu et al., , 2016 Han et al., 2016a Han et al., , 2016b . The South Tianshan Ocean (Figs. 1B and 1C) , located between the Central Tianshan and northern Tarim (Kuluketage and Beishan) terranes, played a crucial role in generating the tectonic framework of the southern Central Asian orogenic belt (Gao et al., 1998; Chen et al., 1999; Xiao et al., 2009) . Despite numerous studies, the timing of opening and closure of this ocean remains controversial, with estimates for its incipient opening ranging from the Late Cambrian to the Early Devonian (Gao et al., 1998; Qian et al., 2009; Han et al., 2015 Han et al., , 2016a , and estimates for its closure varying from the Devonian to the Triassic (Chen et al., 1999; Xiao et al., 2009; Charvet et al., 2011) .
In this contribution, we present new zircon U-Pb-Hf and whole-rock geochemical and Sr-Nd isotopic data for Late Ordovician adakitic granodiorite and granite, together with contemporary S-type granites, in the Central Tianshan block (Figs. 1B and 1C) . The unique geochemical characteristics of the adakitic rocks can provide more robust constraints on the Paleozoic evolution, particularly the incipient opening and final closure, of the South Tianshan Ocean and can shed new light on the broad applicability of adakitic signatures in tectonic regime reconstruction. 
GEOLOGICAL BACKGROUND
The Chinese Tianshan orogenic collage (Fig. 1B) , lying between the Junggar terranes (Junggar Basin and East and West Junggar) to the north and northern Tarim (Kuluketage and Beishan) terranes to the south, occupies a crucial position in the southern Central Asian orogenic belt. Geographically, it is subdivided into the western and eastern segments roughly along a transect between the cities of Urumqi and Korla (Fig. 1B) , which distinctly differ in their Paleozoic tectonic evolution (e.g., Chen et al., 1999; Xiao et al., 2004) . This study mainly focuses on the Paleozoic evolution of the Eastern Tianshan, which can be tectonically subdivided into the North Tianshan belt, Central Tianshan block, and South Tianshan belt by major strike-slip faults (faults 1, 2, and 3 in Fig. 1C ). The HongliuheNiujuanzi fault (fault 4 in Fig. 1C ) is currently regarded as the boundary between the Eastern Tianshan and Beishan.
The tectonic framework of the Eastern Tianshan was primarily subject to the opening, expansion, subduction, and final closure of two oceans, namely (1) the Junggar oceanic plate between the Central Tianshan and Junggar terranes, and (2) the South Tianshan Ocean between the Central Tianshan and northern Tarim terranes (e.g., Chen et al., 1999; Xiao et al., 2004) . The North Tianshan accretionary belt is composed predominantly of imbricated Carboniferous to Jurassic sedimentary rocks and a series of Devonian-Carboniferous island arcs (e.g., Bogda, Dananhu, and Yamansu) that formed by the southward subduction of the Junggar oceanic plate beneath the Eastern Tianshan (e.g., Zhang et al., 2015a Zhang et al., , 2015b Zhang et al., , 2016a Zhang et al., , 2016b . Sporadi cally preserved ophiolitic mélanges in the North Tian- 42°N   43°N   41°N   44°N   86°E  87°E  88°E  89°E  90°E  91°E  92°E  93°E  94°E  95°E   96°E   41°N   43°N   44°N   86°E  8 8°E  89°E  90°E  91°E  93°E  94°E  95°E   96°E   97°E  87°E   42°N   2 3 shan belt, such as the 494 ± 10 Ma Kangguertage gabbros (Li et al., 2008) and ca. 325 Ma Bayingou plagiogranites , fingerprint the Cambrian to Carboniferous evolution of the Junggar oceanic plate, which was most likely closed at ca. 300 Ma (e.g., Zhang et al., 2015a . The Central Tianshan block consists dominantly of Precambrian basement and Paleozoic magmatic and sedimentary rocks, with the Precambrian basement rocks previously interpreted to be Paleoproterozoic to Neoproterozoic in age (Hu et al., 1998 (Hu et al., , 2006 Liu et al., 2015) . Early Paleozoic to early Mesozoic granitoids occur throughout the Central Tianshan block, formed by the southward subduction of the Junggar oceanic plate (e.g., Hu et al., 2007; Zhang et al., 2015a Zhang et al., , 2016a Zhang et al., , 2016b or the northward subduction of the South Tianshan oceanic plate (e.g., Windley et al., 1990; Gao et al., 1998) or by regional (post-)collisional tectonothermal events (e.g., Ma et al., 2013; Shi et al., 2014) . Recent studies have reached a consensus that the Central Tianshan block was most probably separated from northern Tarim, because of their comparable tectonothermal events, detrital zircon age profiles, and Precambrian-Early Ordovician strata, during the opening of the South Tianshan backarc basin (e.g., Ma et al., 2012; Ge et al., 2014; Han et al., 2015 Han et al., , 2016a Zhang et al., 2016a) . Characterized by well-exposed ophiolitic mélanges, the South Tianshan belt is a wide suture zone linked to the development of the South Tianshan Ocean that was initially opened as a back-arc basin between the Central Tianshan and northern Tarim (Gao et al., 1998; Wang et al., 2011; Han et al., 2015 Han et al., , 2016a . Its detailed evolution, particularly the exact opening and closure time, still remains unresolved. Questionable ophiolitic rocks, such as a 516.2 ± 7.1 Ma gabbro in the Hongliuhe area (Zhang and Guo, 2008) , have been suggested to be Cambrian in age. However, up to now, most well-constrained back-arc-type ophiolitic rocks in the South Tianshan belt appear to be younger than ca. 445 Ma in age (e.g., Yang et al., 2011; Tian et al., 2014) . A late Carboniferous continent-continent collision between the Tarim and Central Tianshan blocks (Gao et al., 1998; Klemd et al., 2011) , as a result of the closure of the western segment of the South Tianshan Ocean, has been well established based on the retrograde metamorphic ages of eclogites from the high-pressure-low-temperature (HP-LT) belt in the Western Tianshan, although Xiao et al. (2009) proposed an end-Permian to midTriassic termination. The closure time of the eastern South Tianshan Ocean remains disputed, as metamorphic ages in the region show a large range from ca. 405 Ma to ca. 320 Ma (e.g., Zhou et al., 2004; He et al., 2014) .
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SAMPLING
Nine strongly deformed granitoid samples were collected in the Central Tianshan block, with sample locations depicted in Figure 2 and representative photomicrographs shown in Figure (samples 13YM5A and 13YM7B) or at the University of Hong Kong (sample 13YM4A), and U-Th-Pb and trace-element analyses at the Northwest University (Xi'an, China). U-Pb dating results are present in Table A1 in the GSA Data Repository. 1 The dating results are shown on the U-Pb concordia (Fig. 4) , with Th/U ratios of zircons depicted in Figure 5A . Lu-Hf iso topic data of zircons are listed in Table A2 (see footnote 1) and plotted in Figures 5B and 5C.
Whole-rock major oxides were measured using an Axios max X-ray fluorescence (XRF) spectrometer at the Hebei Geology and Resource Bureau (Langfang, China), with analytical precisions mostly better than 2%. Traceelement concentrations were determined using an inductively coupled plasma-mass spectrometry (ICP-MS) system housed at the Guiyang Institute of Geochemistry (Guiyang, China), with analytical uncertainties generally less than 10%. The trace-element concentrations of sample 13YM7B were analyzed three times, with the average values used in the discussion. Analytical results are given in Table A3 (see footnote 1). Whole-rock Sr-Nd isotopic compositions were analyzed at the Chengdu University of Technology (Chengdu, China), with data listed in Table A4 (see footnote 1). The detailed analytical procedures are provided in the GSA Data Repository (see footnote 1).
RESULTS
Zircon U-Pb and Lu-Hf Results
We carried out 30 analyses on 29 zircon grains from biotite granite sample 13YM4A, of which five grains are categorized as inherited, showing concordant ages of 543-475 Ma ( Fig. 4A ; Table  A1 [see footnote 1]). One spectacular crystal In total, 60 U-Pb ages were obtained on 46 grains from granodiorite sample 13YM7B, with 57 being concordant (Fig. 4C) U age of 451 ± 2 Ma (MSWD = 0.29, N = 31), regarded as the crystallization age of the magmatic protolith, and high Th/U ratios (0.35-0.77; Fig. 5A ). The other 11 zircon crystals, in combination with the six zircon rims, yield a weighted mean age of 381 ± 3 Ma (MSWD = 0.24, N = 17) and low Th/U ratios (0.04-0.64), most likely reflecting the timing of a later tectonothermal/metamorphic event. It should be mentioned that a large numbers of young ages (ca. 380 Ma) were detected because the unzoned/homogeneous zircons and zircon rims were purposefully targeted during U-Pb analysis. In situ Lu-Hf analysis was performed on 32 grains, obtaining 40 results (Fig. 5C) (Table A2 [see footnote 1]). It is noteworthy that the young (ca. 380 Ma) zircons/zircon rims have an average e Hf (t) value of -9.5 ± 0.7, which is comparable with that (-8.4 ± 0.5) of ca. 450 Ma zircons.
Major and Trace Elements
The muscovite granite samples (13YM5A-D) have high SiO 2 (73.9-74.8 wt%) and K 2 O (5.2-6.1 wt%), but relatively low Na 2 O (2.6-3.7 wt%) contents, belonging to the subalkaline series (Fig. 6A) Fig. 7A ). Their strong depletions in Ba, Sr, Nb, and Ti and enrichments in Rb, Th, and U (Fig. 7B ) are similar to, but lower than, those of upper continental crust (Taylor and McLennan, 1995) . Low Zr (38.7-63.4 ppm) and high Rb (189.0-206.0 ppm) concentrations, as well as high Rb/Ba (1.12-1.32) and Rb/Sr (3.45-4.29) ratios, testify to their pelite-derived S-type granite nature (Fig. 8) .
The biotite granite samples (13YM4A-D) contain SiO 2 of 72.4-73.0 wt%, with K 2 O of 1.6-2.5 wt%, Na 2 O of 4.1-4.8 wt%, and K 2 O/Na 2 O of 0.34-0.59, plotting in the subalkaline granite field (Fig. 6A) (Fig. 7A) . On the primitive mantle-normalized spidergrams (Fig. 7B) , these samples exhibit typical subduction-related geochemical signatures, such as strong enrichments in large ion lithophile elements (LILEs; e.g., Rb, Ba, Th, and U) and depletions in high field strength elements (HFSEs; e.g., Nb, Ta, and Ti).
Comparatively, the granodiorite sample 13YM7B is lower in SiO 2 (69.3 wt%), K 2 O (1.6 wt%), and Na 2 O (3.0 wt%), but higher in MgO (1.4 wt%), Al 2 O 3 (14.9 wt%), CaO (4.6 wt%), and TiO 2 (0.6 wt%) contents, having a higher Mg# value of 48 and a lower A/CNK value of 1.00. This granodiorite is further characterized by moderately fractionated REE patterns ([La/Yb] N = 15.82, [Dy/Yb] N = 1.25) with a distinctly higher dEu value of 1.65 (Fig. 7A) . It displays strong spikes in LILEs and weak troughs in Nb and Ta on the primitive mantle-normalized spidergrams (Fig. 7B) .
The relatively low Rb/Ba and Rb/Sr ratios of the granodiorite and biotite granite samples indicate derivation from basaltic sources ( Fig.  8C ; Sylvester, 1998) . Five samples have high Sr (526-620 ppm), but low Y (6.8-8.6 ppm) and heavy (H) REE (e.g., Yb = 0.7-0.8 ppm) contents, with therefore high Sr/Y ratios of 66-86, plotting into the adakite field in the Sr/Y versus Y ( Fig. 9A ; Atherton and Petford, 1993) and (La/Yb) N versus Yb N ( Fig. 9B ; Defant and Drummond, 1990 ) discrimination diagrams.
Sr-Nd Isotopic Compositions
The muscovite granite samples (13YM5A-D) have high initial 
DISCUSSION
Petrogenesis
Petrogenesis of Muscovite Granite
The four muscovite granite samples (13YM5A-D) have relatively low Na 2 O (<3.7 wt%), but high K 2 O (>5.1 wt%) and A/CNK (1.00-1.18) values (Table A3 [ (Hu et al., 1998 (Hu et al., , 2000 Zhang et al., 2015b Zhang et al., , 2016a t] = -7.0 to -4.9, T DM-2 = 1.7-1.4 Ga) of 466.5 ± 9.8 Ma gneissic granites in the nearby Tianhu area (Hu et al., 2007) . In addition, their Nd isotope compositions fall onto the continental/granitoid evolution slope of the Central Tianshan basement (Fig. 10 ). All these indicate that the four muscovite granite samples are pelitederived S-type granites, most likely formed by the partial melting of the ancient basement/ sedimentary rocks during Late Ordovician time (ca. 451 Ma).
Petrogenesis of Adakitic Rocks
The five adakitic samples (13YM4A-D and 13YM7B) are characterized by prominently high SiO 2 (≥69.3 wt%) and Sr (526-620 ppm), but strikingly low Y (6.8-8.6 ppm) and HREE (e.g., Yb = 0.7-0.8 ppm) contents, with therefore high Sr/Y (66-86) and (La/Yb) N (15.8-30.0) ratios, geochemically resembling high-SiO 2 adakitic rocks (Martin et al., 2005) . Several petrogenetic models have been proposed for the origin of high-SiO 2 adakitic rocks, including (1) assimilation-fractional crystallization (AFC) processes of basaltic magmas (Castillo et al., 1999; Macpherson et al., 2006) , (2) magma mixing between felsic and basaltic magmas (Streck et al., 2007) , (3) partial melting of young (≤25 Ma) subducted oceanic slabs (Defant and Drummond, 1990; Rapp et al., 1999) , and (4) partial melting of delaminated (Kay and Kay, 1993; Xu et al., 2002) or thickened (Chung et al., 2003; Long et al., 2015) lower crust.
Adakitic rocks generated by AFC processes of basaltic magmas usually contain mafic minerals (e.g., amphibole and clinopyroxene) and are typically associated with basaltic to dacitic rocks that exhibit systematic geochemical and isotopic correlations (Castillo et al., 1999; Macpherson et al., 2006) . The Central Tianshan adakitic granodiorite and granite have com parable major-and trace-element concentrations but remarkably distinct zircon Hf and whole-rock Sr-Nd isotopic compositions, suggesting that they probably had different origins and precluding their derivation from the same primary basaltic magma by AFC processes. Moreover, the relatively large variations in Sr/Y, La/Sm, (La/Yb) N , Zr/Nb, and Nb/Ta ratios at similar SiO 2 contents (or the lack of strong correlations between these ratios and SiO 2 ) preclude fractionation or magma mixing. Considering their uniform geochemistry, the absence of amphibole and clinopyroxene in the samples, and the lack of mafic xenoliths/enclaves, mingling textures, and contemporary basaltic to intermediate rocks, we suggest that the Central Tianshan adakitic rocks are unlikely to have been generated by AFC processes acting on a basaltic magma, nor is it likely that they could have resulted from felsic and basaltic magma mixing.
Oceanic slab-or delaminated lower crustderived adakitic rocks generally have high Mg# (>40), Cr (≥20 ppm), and Ni (≥12 ppm) values due to the subsequent interaction with overlying mantle peridotite during magma ascent (Martin, 1999; Xu et al., 2002; Martin et al., 2005) . However, the Central Tianshan adakitic granite and granodiorite are characterized by dominantly low Mg# (37-40 and 48), Cr (7.9-12.1 and 9.0 ppm), and Ni (5.6-7.4 and 6.2 ppm) values. In addition, they have Rb/Sr ratios of 0.05-0.09 (Fig. 9G) , i.e., higher than those (<0.05) of slabderived adakites (Defant and Drummond, 1990; Martin, 1999) . In particular, their e Nd (t) values (-4.8 to +3.2) are significantly lower than those (e Nd [t] = +6 to +11) of ca. 494 Ma suprasubductionzone-type gabbros in the North Tianshan belt (Li et al., 2008) . Furthermore, delamination of thickened lower crust usually occurs in postcollisional extension settings, such as the Himalayan-Tibetan (Chung et al., 2003) and Dabie (Wang et al., 2007) orogens, and delamination typically generates circular surface effects and a regional increase in elevation (e.g., Ducea, 2011), which have not been documented in the Central Tianshan (or northern Tarim) during Cambrian-Ordovician time. Collectively, we suggest that the Central Tianshan adakitic rocks are unlikely to have been derived from the partial melting of oceanic slab or delaminated lower crust.
Thickened lower crust-derived adakitic rocks exhibit diagnostic characteristics of enriched Sr and Nd isotope compositions (e.g., Wang et al., 2007; Long et al., 2015) . The Central Tianshan adakitic granodiorite has high initial 87 Sr/ 86 Sr (0.7129) and low negative e Nd (t) and zircon e Hf (t) values (-4.8 and -11.3 to -7 .1, respectively), indicating that its magmatic protolith was most probably derived from the partial melting of ancient lower-crustal material, consistent with its low Ni and Cr contents and relatively high Rb/Sr ratio (Figs. 9E-9G ). Its relatively high Mg# value (48) and initial Sr isotopic ratio suggest the possible involvement of a mantle component in parental magma generation and crustal contamination during magma ascent. Likewise, it appears plausible for the Central Tianshan adakitic granite samples to have formed by the partial melting of a lower-crustal source, as revealed by their low Mg#, MgO, Ni, and Cr (Figs. 9C-9F ) values, as well as low Rb/Ba (0.03-0.04) and Rb/Sr (0.05-0.08) ratios, which are typical features of lower continental crust (Rudnick and Gao, 2003) . Lower initial 87 Sr/ 86 Sr ratios (0.7055-0.7060) and higher e Hf (t) (+4.3 to +7.1) and e Nd (t) (+1.6 to +3.2) values suggest that the adakitic granite samples were probably derived from the partial melting of a relatively juvenile lower-crustal source.
The distinct geochemical and isotopic signatures between the Central Tianshan adakitic granodiorite and granite can be best explained in terms of melting of two different lower-crustal sources. The existence of an ancient (ca. 1.7 Ga) lower-crust component underneath the Central Tianshan is supported by whole-rock Nd and (detrital) zircon Hf isotopic studies (e.g., Hu et al., 2000 Hu et al., , 2006 Zhang et al., 2015b Zhang et al., , 2016a . The juvenile (0.9-0.8 Ga) lower-crust component may be related to the Neoproterozoic rifting events during the breakup of Rodinia, as evidenced by 840-740 Ma mafic dike swarms and ultramafic-mafic intrusions in the Tarim block (Xu et al., 2005; Zhang et al., 2007) and ca. 740 Ma A1-type rifting-related granites in the Xingxingxia area (Lei et al., 2013) .
Tectonic Implications
Tectonic Setting
Magmatic-type zircons from the Central Tianshan adakitic rocks yield consistent ages of ca. 451 Ma, representing the best estimate for the crystallization age of the adakitic rocks. They exhibit typical subduction-related geochemical characteristics (Fig. 7B) and dominantly plot into the continental arc granite (CAG) or volcanic arc granite (VAG) fields, with the coeval S-type granites showing postcollision/syncollision granite (COLG) affinities in the widely used discrimination diagrams ( Figs. 6B and 11 ; Pearce et al., 1984; Harris et al., 1986) . Combined with the occurrence of 475-472 Ma calc-alkaline volcanic arc granitoids in the Baluntai area (Ma et al., 2013; Shi et al., 2014) , the Central Tianshan most likely developed as a continental arc during Ordovician time, with the subduction-related geochemical features of the adakitic rocks probably inherited from subduction-modified lower-crustal sources. The formation of early Paleozoic adakitic rocks and granitoids in the studied region can be reasonably explained by an oceanic subduction system located to the north (present coordinates) of the Central Tianshan continental arc, which was possibly thickened in a compressional environment, as evidenced by the tectonic shortening and extensive fold-and-thrust structures in Ordovician strata in northern Tarim .
Southward Thinning of Lower Crust
As the partition coefficients of HREEs in garnet progressively increase from Gd to Lu, and amphibole has high partition coefficients of middle (M) REEs (Hanson, 1978) , the equilibrium magmas will show a progressive decrease from Gd to Lu in REE pattern if garnet is the only residual phase, or a concave-upward pattern between the MREEs and HREEs if amphibole is the dominant residual phase. The obvious concave-upward REE patterns ([Dy/Yb] N = 0.85-1.01) and negligible Eu anomalies (dEu = 0.87-1.03) of the Central Tianshan adakitic granite samples are thus indicative of abundant amphibole with minor garnet ± plagioclase in the source, consistent with their low Nb/Ta (14.0-16.2) and high Zr/Sm (54.2-79.7) ratios (Fig. 9H) . Meanwhile, the fractionated REE pattern ([Dy/Yb] N = 1.25) and high dEu (1.65) and Nb/Ta (18. 3) values of the Central Tianshan adakitic granodiorite are therefore diagnostic of more residual garnet without plagioclase, indicating a possible eclogitic residue. Thereby, it seems highly plausible that the magmatic protolith of the adakitic granodiorite was formed at higher pressures or at deeper crustal levels (at least >40 km; Rapp et al., 1999) sensitive (positively correlated) to pressure due to an inverse correlation between pressure and plagioclase stability (Douce and Harris, 1998) . Moreover, this consideration is also supported by the higher Sr/Y and La/Yb ratios of sample 13YM7B compared to those of samples 13YM4A-D, which have been validated to be positively correlated with crustal thickness (e.g., Profeta et al., 2015) . Accordingly, the partial melting of lowercrustal materials occurred simultaneously (ca. 451 Ma) at different levels: at a >40 km crustal level for the adakitic granodiorite (in the interior of the Central Tianshan block) and at a shallower crustal level for the adakitic granite (adjacent to the southern margin). Such a unique combination likely reflects a southward thinning of the Central Tianshan lower crust during Late Ordovician time (Fig. 12) . It deserves mention that the distance between the adakitic rock outcrops, about several kilometers at present, was intensively shortened by a series of (post-)collisional deformation events during DevonianPermian time.
Opening of the South Tianshan Back-Arc Basin
As mentioned previously, the South Tianshan Ocean was initially opened as a back-arc basin along northern Tarim, although the exact opening time is still controversial, with estimates varying from the Late Cambrian-Middle Ordovician (Chen et al., 1999; Qian et al., 2009) , to Late Ordovician (Gao et al., 1998) , to Early Devonian . The discovery of ca. 451 Ma adakitic rocks in the Central Tianshan block can provide a crucial constraint on the opening time. The generation of the Central Tianshan adakitic rocks, particularly the granodiorite, essentially requires a thickened lower crust. If the South Tianshan back-arc basin had opened at some time before the Late Ordovician, inevitably associated with the separation of the Central Tianshan as a microcontinent from northern Tarim, there would be little chance to thicken the microcontinental lower crust in the Late Ordovician. Moreover, the elevated heat flux indispensible for the generation of the adakitic rocks corroborates the existence of a mantle upwelling event in the Late Ordovician. Furthermore, the coexistence of adakitic granodiorite and granite suggests a possible southward thinning of the Central Tianshan lower crust, which can be best explained by the incipient opening of the South Tianshan back-arc basin between the Central Tianshan and northern Tarim (Kuluketage and Beishan), when the crust was thinned due to asthenosphere upwelling (the closer it is to the back-arc center, the thinner is the crust; Fig. 12 ). This hypothesis agrees with recent seismic data that reveal a remarkable unconformity between Ordovician and Silurian strata, as well as Silurian-Carboniferous extensional structures, in the northern Tarim Basin . Accordingly, we suggest that the South Tianshan back-arc basin started opening in the Late Ordovician. This matches well with the following observations. First, most of the well-constrained ophiolites in the South Tianshan belt, including 444.3 ± 1.9 Ma plagiogranites and 435.0 ± 1.9 Ma gabbros in the Niujuanzi ophiolitic mélange (Tian et al., 2014) and 439.3 ± 1.8 Ma plagiogranites and 435.1 ± 2.8 Ma anorthosites in the Kumishi area (Yang et al., 2011) , are younger than ca. 445 Ma. Indeed, dubious Precambrian ages were previously suggested for some ophiolitic rocks in the Chinese literature, but no details of age data were published. One gabbro in the Hongliuhe area was assumed to have formed at 516.2 ± 7.1 Ma (Zhang and Guo, 2008) . However, the 11 analyzed zircons yielded a large age variation and thus are more likely inherited zircons, given that a gabbro in the same area was dated to be 425.5 ± 2.3 Ma in age (Yu et al., 2006) . Second, magmatic quiescence during the period of 454-420 Ma was confirmed in the Kuluketage area (Ge et al., 2014) , probably as a result of the opening of the South Tianshan back-arc basin, when partial melting of the mantle wedge was suppressed.
Heat Source and Slab Rollback
In order to induce the partial melting of lowercrustal materials, exotic heat sources must be involved, possibly related to basaltic magma underplating during asthenosphere upwelling initiated by delamination of thickened lower crust or the lithospheric root (Chung et al., 2003; Wang et al., 2007) , by ridge subduction (Geng et al., 2009) , or by slab rollback (Kolb et al., 2012) . As the Central Tianshan was in a continental arc setting during Ordovician time , the delamination of a thickened lower crust that typically occurs in continental (post-)collisional settings seems unlikely. Ridge subduction-related adakitic rocks are always associated with high-temperature magmatism, such as igneous charnockites and alkali-feldspar granites (Geng et al., 2009) , whereas the Central Tianshan adakitic rocks are found in association with low-temperature (T Zr = 677-729 °C) S-type granites. Moreover, the Central Tianshan adakitic granodiorite and granite yield T Zr of 808-824 °C and 758-775 °C, respectively, i.e., much lower than temperatures (≥900 °C) of magmatism generated by ridge subduction (Geng et al., 2009) . Therefore, the external heat source for the generation of the Central Tianshan adakitic rocks was probably related to asthenosphere upwelling subsequent to a slab rollback event.
As the oceanic slab gradually subducted, slab steepening and rollback occurred in response to progressive eclogitization at the tip of the slab, subsequently giving rise to corner flow within the asthenosphere, upper-plate extension, and incipient back-arc rifting (Heuret and Lallemand, 2005; Nakakuki and Mura, 2013) . Hence, we suggest that rollback of the Junggar oceanic slab since the Late Ordovician can account for the crustal extension and incipient opening of the South Tianshan back-arc basin along northern Tarim, as well as most of the early Paleozoic tectonic events in the Eastern Tianshan and adjacent regions. For example, (1) arc-related magmatism in the region roughly shows northward younging, with ca. 475-450 Ma plutons mostly located in the southern part of the Central Tianshan block and Silurian-Carboniferous magmatic rocks prevalent in the northern part of the Central Tianshan block and North Tianshan belt (Fig. 1C) ; (2) Ar; Shu et al., 2004) , the exhumation mechanism of which can be reasonably explained by a slab rollback scenario; (3) the beginning of high-K calc-alkaline rocks (ca. 427 Ma) on the northern margin of the Central Tianshan block (Ma et al., 2013) possibly recorded the northward retreat of the Junggar oceanic slab; and (4) the generation of a series of Devonian-Carboniferous island arcs within the Junggar oceanic plate was possibly produced by progressive oceanward migration of the trench during slab retreat .
It deserves mentioning that Qian et al. (2009) found 470 ± 12 Ma (MSWD = 5.4, n = 17 out of 19) adakitic diorites in the Xiate area on the southern margin of the Yili block in the Western Tianshan (Fig. 1B) , for which the geochemical characteristics are almost identical with those of the Central Tianshan adakitic granodiorite. Due to their high MSWD value and large age variation (524-423 Ma; Table A1 [see footnote 1]), inherited zircons must be involved in their age calculation. Excluding the five old concordant ages (524-477 Ma) and the seven discordant ones (>10% age discordance), the recalculated weighted mean age for the Xiate adakitic diorites is 458 ± 14 Ma (467-442 Ma, MSWD = 0.20, n = 7), which is then comparable with those (ca. 451 Ma) of the Central Tianshan adakitic rocks. Given the occurrence of 466-447 Ma subduction-related calc-alkaline magmatic rocks in the northern margin of the Yili block (Wang et al., 2012) implying that they may as well have formed by partial melting of thickened lower-crustal materials during the incipient opening of the South Tianshan back-arc basin, which would demark a linear distribution of Late Ordovician adakitic rocks along the northern side of the back-arc basin. Thus, similar-aged adakitic rocks should be reasonably expected along the opposite/ southern side, e.g., Kuluketage and Beishan terranes, opening the ground for future investigations to provide verification.
Closure of the Eastern South Tianshan Ocean
In this study, all the samples exhibit welldeveloped foliations that are defined by recrystallized quartz and fine-grained elongated biotite/muscovite. The younger zircons/zircon rims, mostly showing much lower Th/U ratios (<0.1; Table A1 [see footnote 1]; Fig. 5A ), testify to a later recrystallization/metamorphism event at ca. 380 Ma, matching well with the peak metamorphic age (ca. 380 Ma, zircon rim) of the Xingxingxia gneisses , as well as those (400-370 Ma, with a peak at ca. 380 Ma) of metamorphic detrital zircons from Carboniferous strata in the South Tianshan belt (Zhang et al., 2015b) . In addition, Zhang and Guo (2008) found 404.8 ± 5.2 Ma undeformed biotite granites crosscutting the Hongliuhe ophiolitic rocks, suggesting the emplacement of the ophiolites at some time before 405 Ma; Yang et al. (2011) reported 405-370 Ma metamorphic/mylonitic rocks in the Yushugou and Kumishi areas; and Li et al. (2011) discovered 397 ± 3 Ma syn-or postcollisional K-feldspar granites in northern Beishan. These lines of evidence suggest that the closure of the eastern South Tianshan Ocean occurred most likely during the period of ca. 400-370 Ma, with peak regional metamorphism at ca. 380 Ma, in accordance with the absence of subduction-and collision-related magmatism/metamorphism younger than 380 Ma in the southern part of the Central Tianshan block Zhang et al., 2015b) .
Utilization of Adakitic Signatures
The steadily rising recognition of rocks with adakitic characteristics in a variety of distinct tectonic settings appears to confirm that their formation is not bound to a particular tectonic mechanism. Instead, the melting of oceanic or continental lower crust at appropriate pressures, caused by unusually hot heat sources brought about by flat subduction (Gutscher et al., 2000) , ridge subduction (Geng et al., 2009) , rifting , slab breakoff and/or rollback (Kolb et al., 2012) , delamination (Chung et al., 2003) , or by short-term and localized plume-slab interaction (Lee and Lim, 2014) or even by back-arc basin opening (this study), is sufficient to produce such rocks. Accordingly, most adakitic rocks are merely products of melting of hydrated basaltic materials at deep crustal or upper-mantle pressures with abnormally high heat flow, and therefore are more sensitive to unique pressure and temperature conditions than tectonic setting. As demonstrated in this study, the unique thermobaric conditions of adakitic rocks can be potentially utilized to reconstruct the regional tectonic regime.
CONCLUSIONS
(1) The Central Tianshan adakitic rocks were formed at ca. 451 Ma, when the Central Tianshan developed as a continental arc along the northern Tarim block. The adakitic granodiorite was most likely produced by partial melting of a thickened ancient eclogitic crust, while the adakitic granite was probably formed by partial melting of a juvenile lower crust composed of garnet-bearing amphibolites. The heat brought by the ascending adakitic magmas possibly resulted in the melting of the Central Tianshan basement rocks, which formed the coeval S-type granites.
(2) Rollback of the Junggar oceanic slab since the Late Ordovician gave rise to mantle upwelling, allowing crustal extension and incipient opening of the South Tianshan backarc basin along the northern Tarim block and separation of the Central Tianshan continental arc as a microcontinent. The eastern segment of the South Tianshan Ocean was probably closed some time before ca. 380 Ma.
(3) Adakitic rocks can be generated by the partial melting of (thickened) lower crust during incipient opening of a back-arc basin.
